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Abstract 
The specific hydrogen market determines the value of hydrogen from different sources.  
Each hydrogen production technology has its own distinct characteristics.  For example, steam 
reforming of natural gas produces only hydrogen.  In contrast, nuclear and solar hydrogen 
production facilities produce hydrogen together with oxygen as a by-product or co-product.  For 
a user who needs both oxygen and hydrogen, the value of hydrogen from nuclear and solar plants 
is higher than that from a fossil plant because “free” oxygen is produced as a by-product.  Six 
factors that impact the relative economics of fossil, nuclear, and solar hydrogen production to the 
customer are identified:  oxygen by-product, avoidance of carbon dioxide emissions, hydrogen 
transport costs, storage costs, availability of low-cost heat, and institutional factors.  These 
factors imply that different hydrogen production technologies will be competitive in different 
markets and that the first markets for nuclear and solar hydrogen will be those markets in which 
they have a unique competitive advantage.  These secondary economic factors are described and 
quantified in terms of dollars per kilogram of hydrogen. 
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1. Introduction 
Different methods of hydrogen production have different characteristics.  Table 1 
compares the characteristics of hydrogen produced by three dissimilar means:  water-splitting 
using a high-temperature nuclear heat source (e.g. to drive a thermochemical cycle), steam 
reforming of coal, and water-splitting using decentralized solar energy (e.g. photovoltaic 
electricity coupled with electrolysis).  The most economical choice depends on what the 
customer’s needs are.  Several important characteristics come into play. 
 
• Hydrogen.  If this is all that the customer needs, the economic comparison is based solely 
on the unit cost of hydrogen production. 
• Oxygen.  If the customer also needs oxygen, the oxygen is a “free” by-product of nuclear 
and solar hydrogen production.  For such customers, the cost of an oxygen plant must be 
added to the cost of hydrogen if the hydrogen is to be produced from fossil fuels. 
• Greenhouse gas emissions.  If restrictions are imposed on the release of greenhouse gases 
to the atmosphere, either the cost of sequestering or disposing of the carbon dioxide, or 
the “carbon tax” penalty (if that is an option) should be added to the cost of hydrogen 
produced from fossil fuels. 
• Transportation.  Transportation costs for hydrogen strongly impact the relative costs of 
hydrogen from different sources.  A customer who needs large quantities of hydrogen 
will need to add hydrogen transport costs to his centralized facility if the hydrogen is 
produced by dispersed renewable technologies.  However, if the hydrogen is needed for 
decentralized applications, the cost of hydrogen transport will need to be added to that for 
centralized methods of hydrogen production. 
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• Storage.  The only proven low-cost method of hydrogen storage is in large underground 
reservoirs.  If hydrogen storage is required by the customer, the cost of transporting 
hydrogen to the storage facility has to be included.  This cost will be high for 
decentralized methods of hydrogen production. 
• Heat.  If the customer also needs heat, the cost of providing that heat needs to be 
considered.  Nuclear plants should be able to provide heat at a lower cost than natural 
gas-fired heaters or furnaces.  (This is certainly true for conventional nuclear plants.  
However, the advanced reactor designs that will most likely be used for hydrogen 
production have yet to be built so their economics are still open to debate.)  
Consequently, large consumers of both hydrogen and heat will have an incentive to buy 
hydrogen from nuclear production facilities so they can also take advantage of the 
simultaneous availability of low-cost heat. 
• Institutional.  Associated with every hydrogen production technology are specific 
institutional constraints that have economic implications. 
 
Different markets also have differing requirements.  Table 2 compares several possible 
applications for hydrogen on the basis of their requirements.  In this example, the Xs in the table 
indicate where a match exists between the characteristics of nuclear hydrogen production and 
various markets [1].  Such tables provide a perspective on which markets are likely to be 
preferred for specific hydrogen production technologies.  Similar tables can be constructed for 
any hydrogen production system to identify those markets where a specific hydrogen production 
technology will have a competitive advantage. 
These markets have different characteristics.  
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• Pipelines.  Hydrogen pipelines deliver hydrogen to multiple customers from multiple 
producers in several parts of the world [2].  The pipeline owner is often the broker and 
the purchaser of the hydrogen.  As pipeline networks grow, they will develop the 
characteristics of the electrical grid.  In these systems hydrogen is a commodity market.  
This also means that the hydrogen production system is not tied to a specific hydrogen 
user facility.  Consequently, the nuclear hydrogen plant operations (such as refueling) can 
be primarily determined by internal plant considerations rather than next-door-customer 
requirements. 
• Chemical/Iron industries.  Several types of chemical plants use massive quantities of 
hydrogen and could consume all of the hydrogen from a nuclear hydrogen plant.  These 
include the production of ammonia and the extraction of iron from iron ore.  The 
overwhelming characteristic of most of these markets is that there is a single customer 
with a single need:  hydrogen.  In such markets, centralized methods of hydrogen 
production are favored. 
• Refineries.  Refineries use massive quantities of hydrogen to remove sulfur from crude 
oil and to convert heavy oils to liquid fuels such as gasoline, diesel, and jet fuel.  They 
also consume massive quantities of heat making them simultaneously potential markets 
for high-temperature heat.  In fact, domestic refineries use over 7% of the total energy 
demand of the United States (U.S.) [3] and thus are a mega-market by themselves. 
• Liquid fuels production.  Plants using coal or biomass to produce liquid fuels require both 
hydrogen and oxygen. 
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• Peak electric production.  This market could use hydrogen, oxygen, and heat (to generate 
electricity on demand using fuel cells, high-temperature steam turbines, or other 
technologies).  It is part of the same industry that produces base-load electricity from 
existing nuclear power plants.  Consequently, it is also a market where nuclear energy is 
accepted. 
 
The following sections examine each of the characteristics that impact the relative value 
of hydrogen in specific markets.  
 
2. Oxygen as a by-product 
Oxygen is a by-product of those hydrogen production methods that split water (e.g. water 
electrolysis, thermochemical cycles).  This is the case for most nuclear and solar methods of 
hydrogen production.  If there is a demand for oxygen, it becomes a second product for a 
hydrogen production plant.  The cost of oxygen is a strong function of the price of electricity, 
because typical large cryogenic separation plants that separate oxygen from air consume about 
220 kWh/ton O2 (243 kWh/t O2) [4].  At $0.04/kWh, the energy costs total $8.80/ton O2 ($9.70/t 
O2).  For the analysis herein, it is assumed that oxygen costs $20/ton ($22/t).  On a mass basis, 8 
times as much oxygen is produced as hydrogen.  Consequently (assuming there is a demand), the 
value of the oxygen per kilogram of hydrogen produced is 
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3. Avoidance of carbon dioxide releases 
Hydrogen today is produced primarily by steam reforming of fossil fuels, most often 
natural gas.  The overall chemical reaction (for natural gas) is 
.42 2224 HCOOHCH +→+  
Growing concerns about the effect of anthropogenic carbon dioxide on the global climate 
may eventually lead to the imposition of regulatory requirements for the disposal or geological 
sequestration of carbon dioxide, or to taxes or penalties being levied on the release of carbon 
dioxide to the atmosphere.  A wide range of estimates have been proposed for possible future 
taxes on carbon dioxide releases to the atmosphere and for the cost of carbon dioxide 
sequestration.  Low-end estimates indicate that taxes or sequestration costs could amount to 
$25/ton CO2 ($28/t CO2) [5]. 
The implications of adding a carbon dioxide tax or disposal cost of $25/ton CO2 ($28/t 
CO2) to the cost of hydrogen were calculated by assuming pure carbon is used for hydrogen 
production, i.e. 
,22 222 HCOOHC +→+  
which is the worst-case scenario, and that the efficiency of converting carbon and water into 
hydrogen and carbon dioxide is 60%.  This would be analogous to steam reforming of coal, 
which is much more abundant than natural gas and is the most likely future fossil fuel hydrogen 
feedstock.  The U.S. Department of Energy, Office of Fossil Energy (DOE-FE) cites 60% 
conversion efficiency as its Hydrogen from Coal Program Central Production Pathway goal [6]. 
Input assumptions for the carbon penalty calculation are: 
 
• Enthalpy of formation of water vapor:  ∆fH° = -241.826  kJ/gmol [7] 
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• Enthalpy of formation of carbon dioxide:  ∆fH° = -393.51 kJ/gmol [7] 
• Energy efficiency in converting carbon to hydrogen:  60% 
 
The energy released by the combustion of enough carbon to make 1 t CO2 is 
.1094.8
1
51.393
12
1
44
12
1
000,1
1
000,1)1( 6
2
2 kJCgmol
kJ
Cg
Cgmol
COg
Cg
kg
g
t
kgCOtH combustion ×=⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛=∆  
The energy equivalent of the hydrogen made by steam reforming enough carbon to make 1 t 
CO2, taking into account the 60% conversion efficiency, is 
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The quantity of hydrogen produced from enough carbon to make 1 t of CO2 follows from 
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If there is a $25/ton CO2 ($28/t CO2) disposal cost, the cost impact on hydrogen, if the hydrogen 
is produced from carbon, is 
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Therefore, constraints on greenhouse gas emissions have the potential to significantly 
alter the economics of hydrogen production from fossil fuels when compared to hydrogen 
production by other, greenhouse gas emission-free methods. 
 
4. Hydrogen transport 
Hydrogen transportation by pipeline is expensive.  Over any distance such transport can 
easily add $1.00/kg H2 or more to the cost of hydrogen.  Consequently, for large, localized users, 
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strong incentives exist to use centralized production of hydrogen to meet those needs to avoid the 
transport costs.  The exact benefit or cost is dependent upon the specific case. 
A number of commercial hydrogen pipelines that service a number of chemical users are 
currently in operation in the U.S. Gulf Coast area and in Northern Europe [2].  Their lengths 
range from less than a mile (about a kilometer) to several hundred miles (hundreds of 
kilometers).  Refineries are the largest users of imported hydrogen, at about 50 MMSCFD 
(1.3x106 Nm3/d), while chemical plants typically use less than 10 MMSCFD (0.3x106 Nm3/d), 
with the exception of those producing ammonia and methanol. 
The cost of hydrogen transport by pipelines of different sizes carrying different quantities 
of gas is shown in Table 3 [8].  The investment and operating cost of pipeline compressors is 
also shown.  Hydrogen has the lowest possible molecular weight so reciprocating compressors 
are typically used regardless of the size of the pipeline, although oil-flooded screw compressors 
have begun to be used as well [9]. 
Specific constraints are associated with fossil and solar hydrogen production.  Because of 
the cost of hydrogen transport, restrictions on greenhouse gas releases could significantly alter 
the economics of hydrogen production from fossil fuels compared to other primary energy 
sources.  Multiple projects are under way to develop methods to produce hydrogen from fossil 
fuels with subsequent underground injection of the carbon dioxide by-product.  However, only 
parts of the U.S. have geologies suitable for such sequestration.  Hydrogen made from fossil 
fuels with carbon dioxide sequestration may have the lowest production costs in cases where 
fossil fuels and sequestration sites are located in close proximity.  However, hydrogen made 
from fossil fuels with carbon sequestration will have higher delivered costs elsewhere because of 
the cost of transporting the hydrogen by pipeline. 
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Hydrogen from renewable energy sources faces similar geographical constraints. Unlike 
nuclear energy, the cost and availability of renewable energy sources are strongly dependent on 
location.  Solar-based systems are most economic in the sunny southwest U.S.  Wind resources 
are most abundant on the upper Great Plains (North Dakota, Montana, South Dakota, Minnesota, 
etc.) and in coastal areas.  There is a second factor – solar hydrogen systems are being developed 
for local hydrogen production and use.  These small-scale systems for small users are designed to 
avoid transport costs.  
 
5. Hydrogen storage 
Only one technology currently exists for low-cost storage of hydrogen — storage 
underground in caverns or geological reservoirs [10].  This is the same technology used to store 
natural gas.  In the U.S., natural gas is moved by pipeline throughout the year to northern 
markets from production areas in the south-central U.S.  The natural gas is stored in about 400 
large facilities, with a total capacity to store a third of a year’s production of natural gas [11].  
Underground storage is a low-cost technology with market prices for storage ranging from $0.40 
to $1.00/MMBtu ($0.38 to $0.95/GJ), which is on the order of 10% of the value of the natural 
gas [12]. 
Commercial hydrogen storage facilities using this technology have been built in the U.S. 
(e.g. ConocoPhillips/ChevronPhillips’ Clemens Terminal facility and Praxair’s Moss Bluff 
Storage Facility, both in Texas) and in Europe (e.g. ICI Teeside facility in England).  For 
hydrogen, the storage costs for such facilities are estimated to be $0.10 – $1.20/kg [13,14], 
depending to some extent on residence time, which is lower than the production cost for 
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hydrogen.  The hydrogen storage technology has been used commercially in several geologies 
but not yet demonstrated in all the geologies that have been used for natural gas. 
Storage economics demand large facilities.  Two factors drive the facility size.  First are 
siting and site development costs (including understanding the local geology) that are almost 
independent of facility capacity.  Second, gas storage requires compression of the gases, 
typically to pressures of ~1000 psi (~70 bar) for storage.  Gas equipment efficiencies and costs 
are strong functions of the size of the equipment.  The practical implication is that if bulk 
hydrogen storage is required by the customer, strong incentives exist for large-scale centralized 
hydrogen production to avoid hydrogen collection costs from decentralized hydrogen production 
facilities. 
 
6. Low-cost heat 
Many industrial applications of hydrogen also require process heat.  As will be shown 
below, the cost of heat produced by nuclear plants is far less than that from natural gas 
combustion (typically $6.00 to $11.00/MMBtu, or $5.70 to $10.40/GJ) and, in much of the U.S., 
less than heat from burning coal.  This difference will only grow with time.  The price of natural 
gas is unpredictable in the near term because of tight supply and the potential for rapid swings in 
demand due to changes in weather or other key factors.  Over the long run, however, it has kept 
pace with the price of crude oil on a $/MMBtu or $/GJ basis [15].  Furthermore, there is an 
increased likelihood that natural gas prices will ultimately approach oil prices.  Oil has a world 
price because it is inexpensive to transport around the world. With the growth of liquefied 
natural gas (LNG) moved by sea, there will be increasingly a world natural gas price that 
approaches oil prices and is tied to world oil prices by users that can burn oil or gas. 
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Consequently, as oil production declines and the price of oil increases, so will the price of natural 
gas and the cost of natural gas heat. 
If hydrogen is being produced for an industrial hydrogen consumer sitting across the 
fence from a nuclear-hydrogen plant, process heat can also be sold.  The manner in which the 
heat is delivered depends upon the required temperature.  For temperatures below 600°C, the 
heat will most likely be delivered as steam, because this is the standard, proven industrial 
technology for transferring heat to industrial facilities.  At higher temperatures, helium or molten 
salts may be used to transfer heat. 
The price of nuclear plant heat can be estimated from the price of electricity.  A nuclear 
power plant produces steam that can be sold or used to produce electricity.  The utility will 
demand at least the same revenue from the sale of steam as from the sale of electricity.  A rough 
estimate of the price of steam can be calculated from the wholesale price of electricity.  The price 
depends upon the temperature and pressure of the steam because more electricity can be made 
from high-temperature, high-pressure steam than from low-temperature, low-pressure steam. 
An example can clarify this.  Because the technology is well defined, the sale of steam 
from a light water reactor (LWR) will be used.  Once the parameters of a high-temperature 
reactor are defined, similar calculations can be done.  Consider the sale of 150-psi (10-bar) steam 
(~180°C, or ~450 K) used for general heating and many industrial processes — including drying 
of many products and production of fuel ethanol. The price of electricity varies across the 
country.  This example uses the average market price for wholesale electricity on the Cinergy 
trading hub in Ohio during the first three months of 2008, which is $58.25/MWhe [16]. 
The efficiency of LWR power plants is ~33%.  That means if one less Je of electricity is 
produced, 3 Jth of steam becomes available.  Although nuclear reactors produce high-temperature 
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steam, in this example the heat is delivered as 150-psi (10-bar) steam.  In converting high 
temperature steam to electricity, about 40% of the electricity is obtained by the time the steam 
pressure drops to 150 psi (10 bar), with the remaining 60% of the electricity produced in the low-
pressure turbines.  Using this information, a rough estimate can be made of the corresponding 
price of steam from a nuclear plant, given the price of electricity: 
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This cost represents less than half the price of natural gas in the U.S.  Therefore, if a 
customer needs both hydrogen and process heat, there is an incentive to obtain the hydrogen 
from a nuclear plant if, at the same time, the customer can obtain lower cost heat to meet his 
energy needs.  One caveat that should be kept in mind is that this nuclear process heat cost 
estimate is based on LWR economics, whereas nuclear hydrogen production processes will use 
advanced reactor designs for which there are no commercial capital and operating cost data.  
However, it is reasonable to expect that their costs will be comparable and not much higher, 
otherwise there would be no incentive to build them. 
 
7. Institutional 
All industries have institutional structures that include regulation, organizational 
structures, international trade agreements, and accepted business practices for that industry.  
These structures have major impacts on the choice of hydrogen production technology.  Two 
examples provide a perspective on the extremes of these institutional structures. 
• Peak electric power production [17].  Assuming that the technology and economics are 
favorable, the institutional structure for using nuclear hydrogen for peak electrical power 
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is highly favorable.  Nuclear power plants are built to produce base-load electricity.  The 
production of peak electricity is an extension of that business by organizations that 
understand nuclear energy, operate nuclear power plants, and sell electricity.  In such 
cases, the producer of hydrogen is also the user of hydrogen.  Consequently, the market is 
not an issue.  Furthermore, the market for peak power is local.  What happens in the rest 
of the world has only limited impact on the local peak power demand.  There is also a 
second institutional factor.  In the U.S. about half the utilities are regulated utilities with 
access to low-cost financing.  This institutional structure favors high-capital-cost, low-
operating-cost power systems — characteristics that would match nuclear hydrogen 
generation for peak power. 
• Ammonia production.  The cost of ammonia production is primarily based on the cost of 
hydrogen, so economics are heavily dependent upon hydrogen production costs.  
However, ammonia is transported by ship around the world and, in the U.S., by pipeline 
from Louisiana as far north as Minnesota.  The price of ammonia is set on a global basis.  
New ammonia plants are built wherever there is low-cost natural gas that has no local 
market (e.g. Trinidad).  Over the course of a decade, the lowest cost natural gas in the 
world can strongly impact the cost of ammonia world-wide.  Governments can push 
ammonia production and drive down world prices to encourage local development.  This 
is an institutional structure that potentially makes it risky to invest in capital-intensive 
technologies such as nuclear-hydrogen for ammonia production. 
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8. Conclusions 
Different methods of hydrogen production have different characteristics, while different 
markets have differing requirements.  Six characteristics were identified and discussed that 
impact the relative value of hydrogen produced by different methods in specific markets.  These 
are: oxygen as a by-product, avoidance of carbon dioxide releases, hydrogen transport, hydrogen 
storage, availability of low-cost heat, and institutional factors.  Four of these characteristics are 
quantifiable in terms of their direct impact on hydrogen cost, which is summarized in Table 4.  
Nuclear hydrogen production plants will be capable of co-generating process heat at a significant 
discount compared to heat from fossil fuel combustion, particularly natural gas, which may be 
advantageous in some markets.  Finally, institutional structures, including regulation, 
organizational structures, international trade agreements, and business practices may also 
strongly influence the choice of hydrogen production technology. 
User requirements will ultimately determine the preferred method of hydrogen 
production.  Because user requirements vary widely, it is likely that different hydrogen 
production techniques will be economic for different users.  This also implies that for any new 
hydrogen production technology, there are specific markets in which that technology is most 
likely to become competitive relative to other production techniques.  
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Table 1 
Characteristics of different methods of hydrogen production 
 
 
Production Method O2 
CO2-
Free 
Large-
Scale Use 
Bulk 
Storage 
Low-Cost 
Heat Institutional 
Nuclear X X X X X ? 
Steam Reforming of Coal   X X  ? 
Decentralized Solar X X    ? 
 
Table 2 
Characteristics and value (X) of nuclear hydrogen relative to other methods of hydrogen 
production for specific applications 
 
 
Application O2 
CO2-
Free 
Large-
Scale Use 
Bulk 
Storage 
Low-Cost 
Heat Institutional 
Small Local User  X     
Pipeline  X X    
Chemical/Iron Industries  X X  X  
Refinery ? X X ? X  
Liquid Fuels Production X X X ? X  
Peak Electric Production X X X X X X 
 
Table 3 
Cost of hydrogen transport by pipeline, adapted from [8] 
 
H2 Gas 
Capacity, 
106 Nm3/d 
Line 
Size, in 
(cm) 
Pipeline 
Investment, 
$M/100 km 
Compression 
Investment, 
$M/100 km 
Compression 
Power Cost, 
$/day 
Pipeline 
Cost/100 km, 
$/kg HHV 
19.8 20 (50.8) 93,000 20,500 20,300 0.042 
13.1 16 (40.6) 79,000 18,500 18,300 0.054 
7.2 12 (30.5) 65,000 13,300 13,200 0.078 
2.9 8 (20.3) 52,000 7,500 7,000 0.138 
0.86 4 (10.2) 39,000 7,800 7,200 0.386 
 
Table 4 
Impact of characteristics on hydrogen cost 
 
 
Factor Potential Cost Impact, $/kg H2 
Consequence 
Oxygen as a By-product -0.18 Nuclear and Solar Gain 
Carbon Dioxide Releases 0.63 Fossil Penalty 
Hydrogen Transport >1.00 Incentive for Production to Match User 
Hydrogen Storage 1.20 For Centralized Storage 
 
